Introduction {#sec1}
============

The past decade has witnessed the use of surface-based single-molecule experiments to shed light on many important, but previously obscure, biological processes. Typically, individual molecules of interest are immobilized at a surface, permitting continuous observation of the same single molecules under different molecular conditions. Passivation of the surface onto which the single molecules are immobilized is the basic requirement for success of such surface-based single-molecule experiments. In the case of studying binding and unbinding kinetics of substrates, incomplete passivation of the surface causes nonspecific binding of substrate molecules, producing false positive results and precluding measurement of a true kinetic rate. Even when conformational changes within single molecules are observed, irregularities on the surface could induce behavior of the single molecules different from what occurs under physiological conditions, thereby producing results regarded as surface artifacts.

A recent advance in surface-based single-molecule experiments involves measurements with unpurified samples. These experiments, which directly image processes occurring in the cell or tissue extracts, enable the study of large protein complexes^[@ref1]^ and cell signaling proteins freshly derived from individual cancers,^[@ref2]^ which would be almost inaccessible with the conventional single-molecule measurements designed for synthetic nucleic acids and/or purified recombinant proteins. It is noteworthy that single-molecule experiments performed in a complex biological fluid require a more strict level of surface passivation. Typically, the ratio of a target protein to all other proteins in an unpurified lysate is only 10^--3^ even for the most abundant species. Nonspecific binding of these other proteins, larger in quantity by 3 orders of magnitude, on the surface can produce spurious interactions with substrates, making it impossible to separate the specific interaction of the target proteins. Thus, there is an obvious technical need to improve the antifouling performance of single-molecule imaging surfaces.

Methoxy-polyethylene glycol (mPEG) has been used as the standard material for preparing antifouling surface.^[@ref3],[@ref4]^ Because of hydration and brush like effect achieved at high surface density, an mPEG-coated surface shows resistance against nonspecific binding of biomacromolecules.^[@ref5],[@ref6]^ However, mPEG has several limitations. Long exposure (extended to few months) of mPEG to high temperature with oxidative radicals in aqueous environments results in hydrolysis.^[@ref6]−[@ref8]^ Also, the current protocol for mPEG coating of oxides involves two reaction steps, amino-silane coating and mPEG-NHS reaction, which are difficult to control and can lead to low grafting efficiency of mPEG.

In this study, we report a new class of antifouling platform that is specifically adapted to the surface-based single-molecule experiment. Imaging of single-molecule adsorption is performed by total internal reflection (TIR) microscopy in which fluorescent molecules located near to surfaces (\<200 nm) or directly contacted to surfaces can be excited by evanescence wave induced by incident laser and its subsequent total reflection. The platform combines a 1 nm TiO~2~ layer, which is electron-beam deposited on a quartz slide, with peptidomimetic antifouling polymer coating (PMAP) (Figure [1](#fig1){ref-type="fig"}, left). Single-molecule imaging under TIR microscope showed 2- to 10-fold improved antifouling activities compared to the conventional mPEG-coated surface. Using conventional approaches to mPEG grafting, about 600 IgG molecules were observed compared to 78 molecules adsorbed onto the newly developed PMAP/TiO~2~ surfaces, a level equivalent to 0.00048 ng/cm^2^ adsorption. This value is far below the detection limit of current surface analytical tools such as surface plasmon resonance (SPR) and optical waveguide lightmode (OWL) spectroscopy, which detect typically ∼1 ng/cm^2^.^[@ref9],[@ref10]^ Furthermore, in the TIR system, one dot in images represents one molecule adsorbed on the surface. (In the current imaging system, the diffraction limit is about 222 nm. Thus, a molecule with a dimension smaller than 222 nm will be shown as one spot on screen.) Thus, our new surface functionalization platform combines the use of TIR imaging with an improved antifouling polymer grafting strategy to allow single-molecule experiments with better resolution than is available with existing methods.

![Experimental setup based on PMAP/TiO~2~-quartz and the structure of PMAP. Scale bar, 10 μm.](am-2013-057387_0001){#fig1}

Result and Discussion {#sec2}
=====================

PMAP is a peptide-peptoid hybrid diblock copolymer.^[@ref11]^ Peptoids are poly(N-substituted glycine)s with substantial backbone conformational flexibility.^[@ref12]^ The antifouling peptoid block with 1-amino-2-methoxyethane side chains was prepared by conventional solid-phase submonomer synthesis. The peptide block was a mussel-inspired, catecholamine adhesive moiety of 3,4-dihydroxy-[l]{.smallcaps}-phenylalanine and lysine (DOPA-K) (Figure [1](#fig1){ref-type="fig"}, right). The catecholamine moiety shows robust surface adhesion, mimicking the underwater adhesion of marine mussels. It was previously reported that the antifouling property of PMAP prevented adhesion of fibroblast cells up to 6 months.^[@ref13]−[@ref15]^ However, a direct comparison of PMAP with mPEG has not been made, and it has not been shown yet whether the antifouling property of PMAP can be applied for surface-based single-molecule experiments.

To evaluate the level of antifouling efficacy, we performed single-molecule adsorption experiments utilizing fluorescently labeled DNAs (Cy3-labeled 14 nucleotide single-stranded DNA, Cy3--14 nt ssDNA) and proteins (Cy3-labeled immunoglobulin G, IgG). Passivation of the surface was assessed by exposing the surface to a buffered solution of the biomolecule for a period of time, followed by rinsing with pure buffer and counting nonspecifically bound single molecules per imaging area (45 × 90 μm^2^, in our case).

Preliminary experiments on bare quartz showed suboptimal passivation by PMAP (see the [Supporting Information](#notes-1){ref-type="notes"}), which we attributed to weak interaction between catecholamine and SiO~2~ yielding low surface density of PMAP. Since it was previously demonstrated that catecholamine shows strong and robust binding to TiO~2~,^[@ref11],[@ref16]−[@ref18]^ we prepared a TiO~2~-coated quartz substrate and formed PMAP layer on the TiO~2~ surface. One complication of this design, however, is that TiO~2~ would reduce the number of transmitted photons because of both its high real part of the refractive index (2--3) and formation of nanosize-metal grains.^[@ref19],[@ref20]^ When we measured the fluorescence signals of fluorescently labeled polystyrene beads (0.2 μm diameter) under TIR excitation, the 5 nm thick TiO~2~ layer substantially reduced the fluorescence intensity of individual beads because of attenuation of excitation photons (λ = 532 nm) (Figure [2](#fig2){ref-type="fig"}a, blue versus black symbols). On the contrary, when the TiO~2~ layer was decreased to 1 nm, it was interesting to see the fluorescence intensity of beads recovered (Figure [2](#fig2){ref-type="fig"}a, red symbols). In fact, the fluorescence intensity in the presence of 1 nm TiO~2~ layer was slightly enhanced compared with the case with the bare quartz surface (Figure [2](#fig2){ref-type="fig"}a, red versus black symbols), which was probably due to the effect of metal-induced fluorescence enhancement.^[@ref21]^

![Optimization of TiO~2~/quartz surface preparation for single-molecule imaging. (a) Distribution of fluorescent intensity from individual PS particle adsorbed on bare quartz (black, molecule *n* = 1194), 1 nm (red, molecule *n* = 1256), and 5 nm coating (blue, molecule *n* = 39) of TiO~2~. (b) Fluorescent intensity distribution from individual Cy3-Oligo-DNA adsorbed on bare quartz (red, molecule *n* = 1688) and 1 nm Ti (black, molecule *n* = 759).](am-2013-057387_0002){#fig2}

We validated this observation of enhanced fluorescence at the single-molecule level. We measured the fluorescence intensity of residual nonspecifically bound Cy3-labeled IgG proteins on the PMAP/1 nm TiO~2~/quartz surface. Their fluorescence intensity was slightly enhanced compared with that observed on the mPEG/quartz surface (Figure [2](#fig2){ref-type="fig"}b). On the basis of these results, we chose the 1 nm thickness for the TiO~2~ layer formed on the quartz surface.

Next, we studied different conditions for PMAP coating by varying the reaction time (12 and 24 h) and temperature (37 and 60 °C). We studied the nonfouling properties of these PMAP/TiO~2~/quartz surfaces with the nonspecific binding test using 100 nM Cy3--14 nt ssDNA (5 min incubation). The nonspecific binding numbers were 308 ± 67.8 for 12 h incubation at 37 °C, 255 ± 33.6 for 24 h incubation at 37 °C, 55 ± 18.7 for the 12 h incubation at 60 °C and 12 ± 7.25 for the 24 h incubation at 60 °C (all errors are S.D.) (Figure [3](#fig3){ref-type="fig"}). The results demonstrate that the PMAP layer coated on the 1 nm TiO~2~/quartz surface, prepared through 24 h incubation at 60 °C, showed the best antifouling property. In a similar fashion, the PEG immobilization condition was investigated to identify grafting conditions yielding optimal nonfouling property. We chose a cloud point condition (0.6 M K~2~SO~4~, 0.1 M MOPS, pH 6.0), which was demonstrated to increase surface density of the immobilized PEG brush.^[@ref22]^ We observed about 20--40% improvement in nonfouling property at high concentrations (\>100 nM of IgG). However, this improvement was not significant for single-molecule experiments. Our experimental aim was to achieve less than 100 adsorbed molecules at high concentrations (\>100 nM) of proteins and DNA. Under cloud point adsorption conditions results showed that 177 molecules were adsorbed for 100 nM and 325 molecules were found for 500 nM ([Figure S2](#notes-1){ref-type="notes"}). Since PEG is widely used by single-molecule researchers, we therefore decided to compare the mPEG and PMAP coated surfaces in our subsequent experiments.

![Optimization of PMAP coating conditions. (a) Counting adsorption Cy3-Oligo-DNA molecules per imaging area (45 × 90 μm^2^) under various conditions. (b) Snapshots of Cy3-Oligo-DNA molecule images in each condition. Scale bar, 10 μm.](am-2013-057387_0003){#fig3}

The antifouling property of the PMAP/TiO~2~/quartz surface was first assessed using Cy3--14 nt ssDNAs by varying the DNA concentration from 10 to 1000 nM. The nonspecific binding onto PMAP/TiO~2~/quartz surface was significantly reduced compared to mPEG/quartz, showing less than a hundred molecules adsorbed at all DNA concentrations studied.

At 10 nM, 5 ± 3.07 DNA molecules were adsorbed on the PMAP/TiO~2~/quartz surface while 36 ± 10.2 molecules were detected on the mPEG/quartz surface (Figure [4](#fig4){ref-type="fig"}b). The difference became even larger at 1 μM; only 36 ± 7.8 spots were detected for the PMAP/TiO~2~/quartz surface, which was much smaller than 143 ± 39.4 observed for mPEG/quartz surface (Figure [4](#fig4){ref-type="fig"}b). Considering that 1 μM is a typical DNA concentration observed in a cell or tissue extract,^[@ref23]^ our results suggest that the PMAP/PMAP/TiO~2~/quartz surface has an antifouling property sufficient to suppress nonspecific adsorption of nucleic acid molecules present in a dense lysate condition.

![Antifouling effects of PMAP/TiO~2~-quartz. (a) Schematic of antifouling effect of PMAP experiment for Cy3-Oligo-DNA, Cy3-IgG. (b) Results for PMAP-coated surfaces exposed to Cy3-Oligo-DNA for 5 min. The number of Cy3-Oligo-DNA adsorbed on mPEG surfaces (diagonal pattern) and PMAP surfaces (blank) are shown in the bar graph (*n* = 20). (c) Results for PMAP-coated surfaces exposed to Cy3-IgG for 5 min. The number of Cy3-IgG modified on mPEG surfaces (diagonal pattern) and PMAP surfaces (blank) are shown in the graph (*n* = 20). (d) Results for PMAP-coated surface exposed to Cy3-IgG for 60 min incubation. For 60 min, The numbers of Cy3-IgG absorbed on mPEG surfaces (diagonal pattern) and PMAP surfaces (blank) are displayed in the bar graph (*n* = 20). (e) Protein adsorption images for 1000 nM Cy3-DNA (1st, 2nd), 500 nM Cy3-IgG 5 min incubation (3rd, 4th), for IgG 60 min incubation (5th, 6th). Representative CCD images are shown in [Supporting Information Figure S3](#notes-1){ref-type="notes"}. Scale bar, 10 μm.](am-2013-057387_0004){#fig4}

We studied nonspecific adsorption of Cy3-labeled IgG as a prototypic protein.^[@ref24]^ After 5 min incubation, the enhanced nonfouling effect of the PMAP/TiO~2~/quartz surface was apparent. At 500 nM, the PMAP/TiO~2~/quartz surface showed adsorption of only 37 ± 11.9 IgG proteins, but the mPEG/quartz surface showed 431 ± 142.5 proteins per imaging area (Figure [4](#fig4){ref-type="fig"}c), showing 1 order of magnitude difference in protein adsorption. Under more dilute conditions a similar trend was observed: 33 ± 23.8 (PMAP) versus 331 ± 87.0 (mPEG) at 100 nM and 42 ± 25.8 (PMAP) versus 94 ± 35.1 (mPEG) for 10 nM (*n* = 20).

The advantage afforded by PMAP over mPEG was reaffirmed when the surface was exposed to IgG proteins for 1 h. The PMAP/TiO~2~/quartz surface showed nonspecific binding of only 78 ± 27.5 at 500 nM, 66 ± 27.1 at 100 nM, and 55 ± 26.3 at 50 nM, whereas 595 ± 62.7 at 500 nM, 406 ± 87.1 at 100 nM, and 195 ± 74.2 at 50 nM was observed for the mPEG/quartz surface (Figure [4](#fig4){ref-type="fig"}d). Figure [4](#fig4){ref-type="fig"}e shows the representative CCD images of DNA or protein surface adsorption for the highest concentrations of each biomacromolecule: 1000 nM DNA (1st and 2nd; equivalent to the graph shown in panel b), 500 nM IgG for 5 min incubation (3rd and 4th; the data shown in panel c), and 500 nM IgG for 60 min incubation (5th and 6th; the data shown in panel d).

Our results demonstrate that the PMAP/TiO~2~/quartz surface is robust against protein adsorption even when the protein concentration is at hundreds of nM. Given that the concentration threshold for single-molecule imaging is ∼100 nM under conventional TIR excitation, our PMAP/TiO~2~/quartz surface is expected to provide a higher signal-to-noise ratio and allow the detection of weak protein--protein interactions by reducing the nonspecific binding of biomacromolecules to substrates. Furthermore, PMAP is resistant against enzymatic hydrolysis due to its non-natural polypeptoide backbone,^[@ref25]−[@ref27]^ a desirable property when imaging processes in a whole lysate where the presence of protease proteins are unavoidable.

Conclusion {#sec3}
==========

In conclusion, we have established a new antifouling system that consists of a thin (1 nm) coating of TiO~2~ on quartz, followed by immobilization of mussel-inspired catecholamine-polypeptoid (PMAP). For all the cases examined, the newly developed PMAP/TiO~2~/quartz surface exhibits a vastly improved antifouling property compared with the conventional mPEG/quartz surface. We expect that the PMAP/TiO~2~/quartz surface will provide a surface inert enough to allow the surface-based single-molecule experiments to tackle more heterogeneous, but biologically more important systems.

Experimental protocol and additional supporting details and figures. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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